The evolution and development of anatomical--functional relationships in the cerebral cortex is of major interest in neuroscience. Here, we leveraged the fact that a functional region selective for visual scenes is located within a sulcus in medial ventral temporal cortex (VTC) in both humans and macaques to examine the relationship between sulcal depth and place-selectivity in medial VTC across species and age groups. To do so, we acquired anatomical and functional magnetic resonance imaging scans in 9 macaques, 26 human children, and 28 human adults. Our results revealed a strong structural--functional coupling between sulcal depth and place--selectivity across age groups and species in which selectivity was strongest at the deepest sulcal point (the sulcal pit). Interestingly, this coupling between sulcal depth and place-selectivity strengthens from childhood to adulthood in humans. Morphological analyses suggest that the stabilization of sulcal--functional coupling in adulthood may be due to sulcal deepening and areal expansion with age as well as developmental differences in cortical curvature at the pial, but not the white matter surfaces. Our results implicate sulcal features as functional landmarks in high--level visual cortex and highlight that sulcal--functional relationships in medial VTC are preserved between macaques and humans despite differences in cortical folding.
Introduction
Primate visual cortex comprises a few dozen visual areas spanning occipital, temporal, and parietal cortices ( Beyond large--scale sulcal folding patterns, there is also interest in morphological features of sulci such as the deepest point in a sulcus, which is known as the sulcal pit. The sulcal pit is interesting because it is hypothesized to be associated with functional specialization 
Data acquisition in humans (Anatomical scans). For human subjects, participants were
scanned using spin--echo inversion recovery with an echo--planar imaging (EPI), read--out (SEIR--EPI), with a 3T GE Signa scanner and a custom--built, phase array 32--channel, receive--only, head coil using methods as in prior studies (Mezer et . This scan was done with a slab--inversion pulse and spatial--spectral fat suppression. We used 2mm 2 in--plane resolution with a slice thickness of 4 mm and the EPI readout was performed using 2X acceleration. QMRI parameters were measured from spoiled--gradient echo images acquired with different flip angles (α = 4°, 10°, 20° and 30°, TR = 14 ms, TE = 2.4 ms) and a voxel resolution of 0.8x0.8x1 mm, which was resampled to 1 mm 3 isotropic. For SEIR--EPI, the TR was 3s. The echo time was set to minimum full; inversion times were 50, 400, 1200 and 2400 ms. Anatomical data were aligned to the AC--PC plane. From the qMRI data, we generated whole--brain T 1 --weighted anatomy. The spoiled--GE and the SEIR scans were processed using the mrQ software package in MATLAB to produce the T 1 maps. The mrQ analysis pipeline corrects for RF coil bias using SEIR--EPI scans, producing accurate T 1 fits across the brain. The full analysis pipeline can be found at (https://github.com/mezera/mrQ) (Mezer et al. 2013 ).
Reconstruction of cortical surfaces. Human T 1 images underwent automated cortical surface reconstruction using FreeSurfer's autosegmentation software (http://freesurfer.net).
The anatomical images were segmented into white and gray matter. White matter surfaces were inspected and manually fixed for missing or mislabeled white matter voxels using ITK--SNAP (http://www.itksnap.org/). A mesh of each participant's cortical surface was generated from the boundary of the white and gray matter and this mesh was inflated for visualization of functional activations inside the sulci. Fig. 1) . We then calculated the percentage of subjects in which their CoS--places fROIs overlapped at each vertex on the surface. Larger overlap across participants within each age group was indicated by warmer colors on the probabilistic maps ( Fig. 1b-- Fig. 1a) .
The deepest sulcal points (sulcal pit) in medial ventral temporal cortex are in similar positions across individuals.
Given the consistency in the location of the place--selective region within a sulcal fold of the medial VTC, next we sought to test if the deepest points of the sulcal fold (known as the sulcal pit) are also anatomically consistent. To do so, we aligned each individual participant's sulcal depth map to the average surface template of their respective species and generated a probabilistic map of sulcal depth across participants. This approach revealed that within each group, the locations of the sulcal pits were well aligned across participants: the maximum percentage overlap of the sulcal pit was 100% in the left and right hemispheres of macaques, 90.09% and 91.34% in the left and right hemispheres of children, and 95.08% and 94.69% in the left and right hemispheres of adults (Fig. 2b) , respectively.
There is a consistent anatomical--functional relationship between sulcal depth and the location of the place--selective region in humans and macaques
In both species, the sulcus, within which the place--selective region is located, extends nearly from the occipital to the temporal pole. Given the functional consistency of the place-selective regions across species (Fig. 1) , as well as the anatomical consistency of the deepest sulcal points across individuals within each species, we examined the overlap between each place--selective region and sulcal depth map across groups, as well as in each individual.
In all groups (macaques, children, and adults) the place--selective region overlaps the deepest points of the sulcus (Fig. 2b , white dotted line on probabilistic sulcal depth maps).
Importantly, this structural--functional relationship was present at the individual subject level ( Fig.  2c for sample individual subjects, and Supplementary Figs. S1, S2 and S3 for all subjects).
Specifically, across both left and right hemispheres in 88.8% of monkeys and in 76.85% of humans (children and adults), the sulcal pit is located near the center of the place--selective region. Interestingly, however, the structural--functional overlap was more consistently observed in human adults (85.7%) than in children (68.01%). Thus, the sulcal pit is an anatomical marker that is a good predictor for the location of place--selectivity along the anterior--posterior axis of the OTS in macaques and CoS in humans even as the degree of coupling increases from childhood to adulthood. Supplementary Figs. S1, S2 , and S3. Brain sizes are not to scale.
Sulcal--functional relationship strengthens from childhood to adulthood, but is preserved on evolutionary timescales
To further explore the relationship between sulcal depth and place--selectivity across development and species, we generated depth and place--selectivity profiles along a posterior-anterior axis of their respective sulcus (CoS for humans and OTS for macaques, see Materials and Methods). Qualitative examination of the average profiles revealed three main findings.
First, we observed that in both macaques and humans, sulcal depth (Fig. 3a,c) and place-selectivity ( Fig.  3b,d ) have a relative smooth profile, with a single peak (represented by an *).
Second, average selectivity and average depth profiles are well aligned in macaques, children, and adults. Specifically, mean place--selectivity increases as the sulcus deepens ( Fig. 3 and   Supplementary Fig. S4 for right and left hemispheres, respectively). Further, in both adults and macaques the peak of selectivity (represented by * in Figs. 3b,d and Supplementary Figs.   S4b,d) is within the deepest region in the sulcus (represented by gray bar in Fig. 3a--d and Supplementary Figs. S4a,c) . Third, there are clear developmental differences across human children and adults: in children, but not adults, the mean peak place selectivity was outside, but immediately adjacent, to the sulcal pit ( Fig. 3d , peak of the blue line vs. gray bar).
To directly quantify this structural--functional correspondence, we calculated the correlation between each individual's depth and selectivity profiles. This approach revealed that functional--structural profiles were significantly (R>0. 28 Supplementary Figs. S5, S6 , and S7.
To test if these developmental and species differences are statistically significant, we Fisher z--transformed all correlation coefficients and then statistically compared these correlations using an ANOVA. When collapsing across age groups, the correspondence between sulcal depth and place--selectivity was not significantly different between species (Macaques (M zscore ±sem): 0.47±0.14, Humans all :0.55±0.05, F 1,122 =0.56, p>0.05; Humans adults :0.63±0.06, F 1,122 =2.28, p>0.05). Additionally, within humans, the correspondence between sulcal depth and place--selectivity significantly differed between children and adults (Children:0.43±0.08, Adults:0.63±0.06; significant main effect of age: F 1,104 =5.12, p<0.05). Adults showed a stronger coupling between sulcal depth and place--selectivity, as well as less variability in the structural-functional coupling compared to children. In macaques, while they did vary in age, we were unable to test for developmental effects due to the relatively small number of subjects (N=9).
Finally, to determine if the structural--functional coupling in and around the sulcal pit is driving the correlation, we used a sliding window approach to calculate the correlation of selectivity and depth into three separate bins: (1) Altogether, these results reveal that the anatomical landmark of the sulcal pit is functionally relevant within medial VTC across species. Furthermore, within humans, the structural--functional coupling between sulcal depth and place--selectivity becomes stronger and more stable from childhood to adulthood.
What underlying mechanisms may contribute to the stronger coupling between sulcal depth and place--selectivity in medial VTC from childhood to adulthood in humans?
Prior results suggest that age--related cortical thinning in CoS--places in humans is linked to morphological changes in its curvature (Natu et al. 2019 ). Thus, we explored the possibility that developmental changes in sulcal fold morphology may also contribute to the structural--functional correspondence in the CoS. For example, the CoS may deepen with age and this deepening may push the functional region toward the fundus of the sulcus. Indeed, comparing CoS depth across age revealed that the CoS is deeper in adults than in children (main effect of age in a 2--way ANOVA with factors age of subject (child/adult) and hemisphere (left/right): F 1,104 =15.59, p<0.001, Fig.  4a,b) . On average, the depth of the CoS sulcal pit in human adults is 10.5±0.18mm, which is ~8.5% deeper than in human children (9. 65±.23 mm, Fig. 4b) .
Intriguingly, this is not the case for all sulci. For example, in both children and adults, the deepest point is found in the insula, and there is no development in this sulcal pit from age 5 to adulthood (no main effect of age of subject: F 1,104 =3.7, p>0.05). To further explore changes to the sulcal morphology that occur with this deepening, we examined if mean curvature and surface area in the upper compared to the lower cortical surfaces of the CoS also develop from childhood to adulthood. To do so, we measured the mean curvature of the CoS at the pial (upper) and white (lower) matter surfaces as prior studies suggest that differential changes in the upper versus lower cortical surfaces may result in gyrification and sulcal deepening of the cortex (Richman et al. 1975; Ronan et al. 2004 ). This approach revealed that the curvature at the pial surface is greater than that at the white matter surface in the CoS across age groups (F 1,208 =764.9, p<0.001, Fig. 4c ) and also, that curvature develops with age. Specifically, while there is no development of the curvature at the white matter surface, the overall mean curvature at the pial surface decreased from childhood to adulthood (significant interaction between age and surface type: F 1, 208 =56.03, p<0.001, Fig. 4c) .
Additionally, there was also significant age--related surface area expansion of both pial and white matter surfaces across hemispheres (main effect of age; F 1,208 =18.77, p<0.001). Together, these results demonstrate that differential morphological changes occur at the pial and white matter surfaces of the collateral sulcal fold in humans from childhood to adulthood.
Discussion
Using comparative fMRI in macaques and humans (both children and adults), we examined the relationship between deep sulcal points and functionally--specialized regions that are critical for processing visual scenes and places in medial ventral temporal cortex (VTC). Our results revealed three main findings. First, place--selective regions in medial VTC overlap the deepest points (e.g., sulcal pits) along the OTS in macaques and the CoS in humans (Figs.  1,2) .
Second, more broadly, there is a strong relationship between sulcal depth and place--selectivity across age groups and species in which deeper points have higher place--selectivity in the human CoS as well as in the macaque OTS; nevertheless, the strongest correlation between depth and selectivity occurred at the location of the sulcal pit and surrounding cortex in the sulcal fold (Fig. 3) . Third, the coupling between sulcal pits and place--selective regions in medial VTC strengthens from childhood to adulthood (Fig.  3) . Mechanistically, we propose that sulcal deepening and differential changes in the cortical curvature of the pial and white matter surfaces contribute to the strengthening of this sulcal--functional coupling from childhood to adulthood (Fig. 4) . In the sections below, we discuss our findings in the context of (i) sulcal 
Sulcal deepening and cortical surface expansion: Mechanistic explanations across development and species
Mechanistically, we propose that sulcal deepening and cortical surface expansion are parsimonious principles contributing to the sulcal--functional coupling observed in the present study across development and species. Developmentally, we propose that areal expansion and differential developments of the cortical curvature as the CoS deepens with age likely push the functionally active neurons closer to the sulcal fundus, thereby reducing the inter--neural distances and stabilizing the relationship between sulcal depth and place--selectivity in adulthood. Recent findings showing that place--selective cortex thins from childhood to adulthood complement this mechanistic explanation (Natu et al. 2019 ). Specifically, the thinning of place--selective cortex is likely linked to the morphological developments identified here in which the sulcal fold stretches and deepens leading to the shift in location of CoS--places from childhood to adulthood. Evolutionarily, we found that the coupling between place--selectivity and sulcal depth in medial VTC was just as strong in monkeys as in humans (Fig.  3) . This is quite surprising given that the size of the human brain is 15 times that of the macaque brain ( Fig. 5a) 
